The in vitro transcription pattern of simian virus 40 (SV40) deoxyribonucleic acid (DNA) by a mammalian ribonucleic acid (RNA) polymerase, was studied by electron microscopy and velocity sedimentation techniques. It was found that (i) the majority of supercoiled SV40 DNA molecules displayed a single binding site for the enzyme, (ii) the supercoiled structure of SV40 DNA was frequently retained during transcription, and (iii) the majority of RNA molecules synthesized from the supercoiled SV40 DNA template showed no self-complementarity and sedimented relatively homogeneously in the 15S to 16S region of a sucrose gradient (in contrast, the RNA product synthesized from the nicked-circular SV40 DNA template showed self-complementarity and sedimented heterogeneously). RNA polymerase preparations isolated from SV40-infected monkey cells were more active than those isolated from uninfected monkey cells. 
Information on the number of possible initiation sites for ribonucleic acid (RNA) transcription is important in formulating the mechanisms regulating oncogenic viral gene expression. Previous studies on the in vitro reaction between RNA polymerase and polyoma or simian virus 40 (SV40) deoxyribonucleic acid (DNA) were carried out with enzyme of bacterial origin (4, 12, 16 ; Herzberg and Winocour, Proc. Int. Congr. Electron Microscopy, 1970, Grenoble, in press). From these investigations, it was concluded that there can be as many as four to nine (4, 12) or three significantly nonrandom (Herbzerg and Winocour, in press) enzyme-binding sites on each viral DNA molecule. However, it is possible that the correct reading of the transcription initiation signals (2, 15) on the DNA is dependent upon the origin of the enzyme. In this paper, we present evidence that the binding pattern of mammalian RNA polymerase to SV40 DNA is radically different from that obtained with bacterial polymerase. The results indicate that supercoiled SV40 DNA possesses only a single binding site for the mammalian enzyme. We also found that the nature of the RNA product depends upon the configuration of the DNA template.
MATERIALS AND METHODS SV40 DNA. SV40 (strain 777) was grown and purified, and the DNA was extracted, by procedures reported elsewhere (1) . Sedimentation profiles in alkaline sucrose gradients and electron microscopy indicated that at least 80%o of the molecules were in the supercoiled configuration (component I); the remaining fraction was composed exclusively of nicked-circular molecules (component II).
Preparation of RNA polymerase. Mammalian RNA polymerase was prepared from rat liver tissue or from monkey (BSC-1 line) or hamster (BHK line) cells growing in culture. Nuclei were prepared by homogenization of the tissue or cells in a buffer containing 10 mM tris(hydroxymethyl)aminomethane (Tris)-hydrochloride (pH 8), 10 mm magnesium acetate, 10 mM mercaptoethanol, and 0.2 to 0.5%0 Triton X-100 (Rohm and Hass, Ltd.). The nuclei were sedimented out of the homogenate (2,000 rev/min, 5 min), resuspended in the same buffer containing, additionally, 0.3 M KCI, and subjected to sonic vibration for 2 min (Raytheon sonic oscillator, model DF 101, operated at full power). By phase-contrast microscopy, it was observed that most of the nuclei, but not the nucleoli, were broken by this treatment. The nuclear debris was removed by centrifugation at 20,000 X g for 30 min. The clarified supernatant was layered on top of a 5 to 15%O sucrose gradient, containing 10 mM Tris-hydrochloride (pH 8), 4 mM magnesium acetate, 5 mM mercaptoethanol, and 60 mM KCl, and was centrifuged for 4.5 hr at 45,000 rev/min (0 C) in a Spinco SW50 rotor. The peak of RNA polymerase activity (see Fig. 1 4 ,g of SV40 DNA, and amounts of the RNA polymerase preparation as indicated. After 30 min of incubation at 37 C, the reaction was terminated by the addition of cold trichloroacetic acid (final concentration, 10S'). The acid-precipitable material was collected by filtration through Whatman GF'C glass-fiber filters. Radioactivity was measured in a Packard Tri-Carb liquid scintillation spectrometer.
To prepare the RNA product, the reaction components were incubated at 37 C for I hr; deoxyribonuclease (Worthington Biochemical Corp.; electrophoretically pure, 20 Mg/ml) was added, and incubation was continued for a further 15 min. The reaction contents were then extracted with water-saturated phenol, and the nucleic acids were precipitated out of the aqueous phase with alcohol. Deoxyribonuclease digestion products and nonincorporated reaction components were removed by dialysis. The RNA was stored in a buffer containing 100 mm NaCl, 100 mM Tris-hydrochloride (pH 7.4), 1 mm EDTA, and 0.5%0 sodium dodecyl sulfate.
RESULTS
Characteristics of the mammalian RNA polymerase preparation. The DNA dependency of rat liver polymerase, after sucrose gradient fractionation, is shown in Fig. 1 . Active enzyme was found to sediment in two peaks; the activity of the heavier component (fractions [4] [5] [6] was completely dependent upon the addition of exogenous DNA, in contrast to the lighter component. Furthermore, the heavier component was found to be free from deoxyribonuclease and ribonuclease activity, in contrast to the lighter component. Consequently, the heavier component was exclusively used for all subsequent experiments. The characteristics of the DNA-RNA polymerase assay are shown in Table 1 .
Upon DEAE-Sephadex chromatography, the bulk of the enzyme activity was recovered as a sharp peak eluting at 0.25 M KCl. This elution profile is the same as that described by Roeder and Rutter for rat liver RNA polymerase 11 (13) . The Mn++ and Mg++ dependencies of our preparations were also similar to those reported by Roeder and Rutter (13) (Fig. 2) . The ratio of enzyme to DNA for binding sites maximal binding (and the dependency of the obtain pre-reaction on enzyme concentration) was also deimal binding termined (Fig. 3) . The ratio of enzyme to DNA ntration and for maximal binding was the same as the enzyme or saturation to DNA ratio for maximal incorporation of 3H-of the mem-UTP in the polymerase assay.
)y Jones and An experiment to determine whether the bind-SV40 DNA-ing of the mammalian polymerase shows template )timal condi-specificity is illustrated in Fig. 4 . In this experihe number of ment, the competing effect of unlabeled calf thymus DNA or T4 DNA on the binding beolymerase to tween '4C-SV40 DNA and mammalian RNA Itration tech-polymerase was measured. From the data, it will and Berg (7) (Table 3 ).
It will be noted from Fig. 5 nucleoside triphosphates, etc. (Fig. 7) . Only those fractions which contained DNA with the attachment illustrated in Fig. 6 showed RNA polymerase activity. Fractions which contained supercoiled DNA with no attached structure showed no RNA polymerase activity. The active complexes shown in fractions 2 and 5 ( Fig. 7) contained DNA with a supercoiled appearance and one visible enzyme-binding site (Fig. 8) sucrose gradient and centrifuged at 45,000 rev/min for 4 hr in a Spinco SW50 rotor. Fifteen fractionis of 0.3 ml were collected from the bottom of the tube. A sample (0.025 ml) of each fraction was assayed for RNA polymerase activity without the addition of other DNA. The remainder of each fraction was used for electron microscopic examinationi of the complex and for the production of RNA. In the text, the three peaks are designated according to their fraction number. The arrow denotes the position of205 supercoiled DNA. polymerase complex isolated from a sucrose denisity gradient (Fig. 7, fractioni 5 ). X 60,000. One supercoiled DNA molecule with onie bounld polymerase molecule (arrow) is showni.
studied. The active complex in fraction 9 consisted of nicked-circular DNA (component II) which also, in this case, displayed only one enzyme-binding site (Fig. 9) . FIG. 9 . Binding pattern of an SV40 DNA-rat liver polymerase complex isolated from a sucrose density gradient (Fig. 7, fraction 9) . Magniificationi of 60,000. One nicked-circular (component ll) DNA molecule with one bound polymerase molecule (arrow) is showni.
Transcription of SV40 DNA by mammalian RNA polymerase: electron microscopic appearance of the transcription complex. In previous work on the transcription complex formed between SV40 DNA and RNA polymerase from E. coli, the following observations were made (Herzberg and Winocour, in press). (i) The enzyme molecules attached to the viral DNA (which were visible when the DNA-enzyme complex was formed in binding buffer alone) were not visible when the complex was incubated for a few seconds with the nucleoside triphosphates required for RNA synthesis to proceed. (ii) When subsaturation ratios of enzyme to DNA were used, several strands of nascent RNA, attached to the same DNA template, were detected. (iii) After RNA synthesis was allowed to proceed for 20 min, the original supercoiled appearance of the template DNA was frequently retained, even though RNA strands attached to the DNA template were still visible.
A similar electron microscopic study was carried out on the transcription complex formed between SV40 DNA and mammalian RNA polymerase. After 30 sec of incubation with the nucleoside triphosphates, the enzyme molecules were no longer distinguishable on the DNA. After 10 min of incubation, a strand of nascent RNA was visible. A typical transcription complex, after 20 min of incubation, is shown in Fig. 10 . Control experiments showed that the structure designated as nascent RNA in Fig. 10 did not appear when one of the nucleoside triphosphates was omitted from the reaction, or when the reaction contents were treated with ribonuclease prior to processing for electron microscopy. In most cases, the supercoiled appearance of SV40 DNA did not change during (lwrf in vitro transcription. The majority of SV40 DNA molecules, during transcription by mammalian RNA polymerase at subsaturation enzyme to DNA ratios, displayed only one strand of attached nascent RNA. It has not been possible, so far, to determine by electron microscopy, the size of the nascent RNA chain. The principal difficulty stems from the entanglement of the DNA-RNA complex.
Nature of the RNA product synthesized by mammalian RNA polymerase in vitro. To study the effect of SV40 DNA configuration on the transcription process, the RNA made by each of the three sedimenting SV40 DNA-enzyme complexes shown in Fig. 7 (fractions 2, 5 , and 9) was studied with respect to size and ribonuclease sensitivity. The results (Fig. 11) indicate that the configuration of the SV40 DNA in the complex affects the nature of the RNA made. When nicked-circular DNA (fraction 9, Fig. 7 ) was used to make RNA, the product was highly heterogeneous in size and displayed a high resistance to ribonuclease (Fig. 1lA) , suggesting that the transcription proceeds symmetrically in part. After heating to 100 C and fast-cooling, the bulk of this RNA was rendered sensitive to ribonuclease. In contrast, when supercoiled DNA (fractions 2 and 5) was used as primer, the products were more homogeneous in size. The RNA made by the fraction 5 complex was the most homogeneous in size (approximately 16S) and was found to be completely sensitive to ribonuclease (Fig. 6B) . The products of the reaction primed by fraction 2 complex sedimented more heterogeneously; two main peaks can be observed, the lighter one being completely sensitive to ribonuclease (Fig. IC) and roughly comparable in its sedimentation coefficient (15S to 16S) to the main peak in Fig. lIB . The base sequence complementarity between the SV40 DNA template and the RNA product synthesized by mammalian polymerase was confirmed by hybridization experiments.
DISCUSSION
Characteristics of the mammalian RNA polymerase. The preparations of mammalian RNA polymerase used for the binding and transcription experiments were completely DNA-dependent ( Fig. 1 ) and free from deoxyribonuclease activity. The conversion of supercoiled DNA to the nicked-circular or linear forms, as monitored by electron microscopy, is a highly sensitive test for deoxyribonuclease contamination, and no such conversion was detected. Ribonuclease contamination of the enzyme preparations also appears to be unlikely in view of the size of the RNA product that was synthesized from the supercoiled DNA template (Fig. 11B) . From the binding experiment shown in Fig. 3 The "affinity" of the mammalian RNA polymerase for different DNA templates was measured by the membrane filtration technique (7). We found that the mammalian RNA polymerase shows some template specificity in the sense that it has a greater "affinity" for calf thymus DNA than for T4 DNA. This result is not due to the presence of single-stranded nicks in the calf thymus DNA since, in the reverse control experiment, bacterial polymerase showed more "affinity" for T4 DNA than for the calf thymus DNA. The difference in template "affinities" of the bacterial and mammalian RNA polymerases is consistent with the recent report by Gniazdowski et al. (5) , which indicates that RNA polymerase from calf thymus does not recognize all of the initiation signals present on T4 DNA.
Binding and transcription pattern of SV40 DNA. In studies using electron microscopy to demonstrate the DNA-enzyme complex, it was previously shown that some three to nine molecules of bacterial RNA polymerase can bind to each molecule of SV40 and polyoma DNA (4; Herzberg and Winocour, in press). In the studies reported herein, we found on the majority of supercoiled SV40 DNA molecules only a single binding site for mammalian RNA (Table 3) . For example, it would be difficult to see an enzyme molecule that was bound to the DNA at a position located between the DNA and the electron microscopic grid, or at a position corresponding to the crossover points of the twisted circular structure.
For electron microscopic demonstration of the transcription complex, undersaturating amounts of enzyme were used to minimize reinitiation of transcription. Under these conditions, we observed a single chain of nascent RNA attached to the SV40 DNA template during transcription by mammalian polymerase. In contrast, SV40 DNA molecules undergoing transcription by an undersaturating amount of bacterial polymerase displayed several nascent RNA chains attached to the template (Herzberg and Winocour, in press).
The finding of a single binding site for mammalian RNA polymerase implies either that the enzyme transcribes in vitro the entire SV40 genome as a single unit, or that, like phage X (10), only part of the viral genome is transcribed in vitro. The results shown in Fig. 1lB favor the latter alternative, in that the majority of RNA molecules synthesized from the supercoiled SV40 DNA template were found to sediment relatively homogeneously in the 15S to 16S region of a sucrose gradient. Hence, transcription of supercoiled SV40 DNA by mammalian polymerase in vitro may be restricted. It will therefore be important to determine, in hybridization experiments, the degree of competition between the SV40 complementary RNA synthesized in vitro by mammalian polymerase and the various types of virus-specific RNA present in infected cells (1, 9, 11, 14) . Similarly, since others have found that the bacterial polymerase transcribes essentially the entire SV40 genome (16) 
